In humans, liver phenylalanine hydroxylase (PAH) has an established catabolic function, and mutations in PAH cause phenylketonuria, a genetic disease characterized by neurological damage, if not treated. To obtain novel evolutionary insights and information on molecular mechanisms operating in phenylketonuria, we investigated PAH in the nematode Caenorhabditis elegans (cePAH), where the enzyme is coded by the pah-1 gene, expressed in the hypodermis. CePAH presents similar molecular and kinetic properties to human PAH [S 0.5 (L-Phe)ϳ150 M; K m for tetrahydrobiopterin (BH 4 )ϳ35 M and comparable V max ], but cePAH is devoid of positive cooperativity for L-Phe, an important regulatory mechanism of mammalian PAH that protects the nervous system from excess L-Phe. Pah-1 knockout worms show no obvious neurological defects, but in combination with a second cuticle synthesis mutation, they display serious cuticle abnormalities. We found that pah-1 knockouts lack a yelloworange pigment in the cuticle, identified as melanin by spectroscopic techniques, and which is detected in C. elegans for the first time. Pah-1 mutants show stimulation of superoxide dismutase activity, suggesting that cuticle melanin functions as oxygen radical scavenger. Our results uncover both an important anabolic function of PAH and the change in regulation of the enzyme along evolution.-Calvo, A. C., Pey, A. L., Ying, M., Loer, C. M., Martinez, A. Anabolic function of phenylalanine hydroxylase in Caenorhabditis elegans. FASEB J. 22, 3046 -3058 (2008) 
Phenylalanine hydroxylase (PAH) catalyzes the p-hydroxylation of L-Phe to L-Tyr in the presence of (6R)-l-erythro-5,6,7,8-tetrahydrobiopterin (BH 4 ) as natural cofactor and O 2 as an additional substrate (1, 2) . In humans, this hydroxylation is the rate-limiting step in L-Phe catabolism, consuming ϳ75% of the L-Phe input from the diet and protein catabolism. A deficiency in PAH activity due to mutations in the PAH gene (3) (http://www.pahdb.mcgill.ca/) leads to the disease phenylketonuria (PKU), characterized by accumulation of L-Phe in plasma and neurological damage in untreated patients. The neurological damage is likely caused by excess L-Phe competing with L-Tyr, L-Trp, and other large neutral amino acids for transport across the blood-brain barrier (BBB) through the L-type amino acid carrier (4) . The function and regulation of PAH in other eukaryotes and bacteria are less clear.
PAH belongs to the family of BH 4 -dependent aromatic amino acid hydroxylases, which also includes tyrosine hydroxylase (TH) and tryptophan hydroxylases (TPHs), required for neurotransmitter synthesis (2, 5) and which share high sequence and structure similarity. PAH is present in all metazoan organisms and in several bacterial species (see Supplemental Fig.  S1 , which provides information for a sequence alignment of selected PAH sequences). In the nematode Caenorhabditis elegans, reporter gene fusions and immunodetection showed that PAH is expressed in hypodermal cells underlying the cuticle (6) . Accordingly, it was hypothesized that PAH might be involved in the synthesis of additional tyrosine for protein cross-linking in the cuticle (6) , as is the case in insects (7, 8) . Recently, it has also been suggested that C. elegans PAH (cePAH) might have a catabolic role, contributing significantly to flux through the tyrosine degradation pathway, taking place mostly in the intestine (9) . But PAH does not appear to be expressed in the intestine (6) , and indeed the functions of the enzyme in the nematode have not been established.
Nematode cuticles possess both disulfide bonds and nonreducible tyrosine-tyrosine cross-links between cuticle proteins (10) , very different in composition and in the types of protein cross-links to those from insects (10, 11) ; therefore, any role of PAH in cuticle synthesis may be quite different in the two organisms. There are also other reports associating the function of PAH in insects (12, 13) and other lower eukaryotes, such as Geodia cydonium (14) , to the synthesis of the pigment melanin. Melanin is a widespread pigment, believed to be present in all living organisms and important both for the adaptation to the variable environmental conditions and for protection against physical, chemical, and biological insults (15, 16) . In most organisms, the synthesis of melanin involves the function of tyrosinases or phenoloxidases, except in some bacteria that produce pyomelanins by direct oxidation and oligomerization of homogentisate, and certain plants and fungi that synthesize melanin-like compounds from acetate via the polyketide pathway, without the intervention of tyrosinases. In C. elegans, to our knowledge, the presence of melanin has not been reported, despite the fact that the genome of C. elegans contains four tyrosinase genes, tyr-1 to tyr-4 (http://www.wormbase.org) (17) .
Here, we describe the recombinant expression, purification, and molecular and kinetic characterization of cePAH. Although this enzyme shows very similar properties to mammalian PAH in terms of activity, substrate and cofactor specificity, and stability, characteristic mammalian regulatory properties modulating substrate binding are absent. We also show that the enzyme is expressed in all developmental worm stages, but the absence of PAH does not cause neurological symptoms evocative of PKU. Nevertheless, we show that the PAH knockout nematode lacks a yellow-orange pheomelanine-like pigment found in the wild-type cuticle. The pah-1 mutant displays severe cuticle abnormalities when combined with a known cuticle-synthesis mutant (bli-3) but displays higher resistance to highly oxidizing environments, as well as elevated superoxide dismutase (SOD) activity. Our results indicate that cePAH is involved in the synthesis of this melanin-like compound, which likely functions as a scavenger for reactive oxygen species (ROS) in the nematode.
MATERIALS AND METHODS

Materials
BH 4 , 6,7-dimethyl-tetrahydrobiopterin (DM-PH 4 ), tetrahydrofolate (THF), and monapterin (MnH 4 ) were obtained from Dr. B. Schircks Laboratories (Jona, Switzerland). 7(S)-BH 4 was synthesized as previously described (18) .
C. elegans strains
Nematode strains used in this study were N2 (wild type), II, . The pah-1 knockout mutants were provided by the C. elegans Gene Knockout Consortium (ok allele) and by Shohei Mitani of the National Bioresource Project for the Experimental Animal Nematode C. elegans (Tokyo, Japan) (tm alleles). The other strains were provided by the Caenorhabditis Genetics Center (University of Minnesota, Minneapolis/St. Paul, MN, USA), which is founded by the National Institutes of Health National Center for Research Resources (NCRR). Maintenance and genetic manipulation of C. elegans were carried out according to standard procedures (19) . Strains were grown at 20°C. All pah-1 mutant strains were confirmed to be homozygous by polymerase chain reaction (PCR) using primers showing presence of a deletion-sized band (pah-1 IL and IR primers) and the absence of a band amplified with a primer internal to the deletion (pah-1 IL and delA primers). One pah-1 allele we received, pah-1(tm987), also yielded a wild-type band with an internal primer in the deletion homozygote, suggesting a possible duplication/deletion event vs. a simple deletion mutation. We, therefore, did not characterize this allele further, and used the two remaining alleles pah-1(ok687) and pah-1(tm520). Most of our phenotypic comparisons to wild-type nematode were done with a 6ϫ outcrossed tm520 (strain LC62); some analysis of ok687 was done with the original isolate (RB857), some with an outcrossed strain.
Immunodetection of PAH at different developmental stages
Larvae and gravid adults from synchronized cultures of different worm strains were collected in M9 medium, centrifuged for 10 min at 5000 g, and resuspended in freshly made 20 mM Na-HEPES with 200 mM NaCl, pH 7.0, in the presence of protease inhibitors (1 mM EDTA, 10 mM benzamidine, 1 mM PMSF, 2 g/ml leupeptin, and 2 g/ml pepstatin). Worms were lysed by sonication, and soluble extracts were clarified by centrifugation for 30 min at 20,000 g. Protein concentration (20) was normalized.
Western blot analyses were performed after SDS-PAGE (10% acrylamide) of 20 -50 g of total protein, using as a primary antibody 1 g/ml of monoclonal mouse anti-PAH (PH8; Chemicon, Temecula, CA, USA), directed against sequence 139 -155, which is very conserved between mammalian and cePAH (see Supplemental Fig. S1 ) and goat antimouse HRP conjugate (Bio-Rad, Hercules, CA, USA) as a secondary antibody. Detection was performed using an enhanced chemiluminiscence method (ECL; Amersham Biosciences, Piscataway, NJ, USA), and the bands were quantified by using Fluor-S MultiImager (Bio-Rad).
Expression and purification of PAH
The cloning of cePAH into the pMAL vector has previously been described (6) . Expression and purification of human PAH (hPAH) and cePAH were performed essentially as described (21) , except that the fusion protein maltose-binding protein (MBP) -cePAH was cleaved by factor Xa at a MBP-cePAH:factor Xa ratio of 100:1 (w/w) at 4°C for 16 h. The isolated proteins were further purified by size-exclusion chromatography in HiLoad 16/60 Superdex 200 (Amersham Biosciences) and stored in liquid nitrogen. Protein concentration was measured spectrophotometrically using ε 280nm (1 mg/ml) ϭ 1.8 and 1.19 cm Ϫ1 for the MBP-cePAH and cePAH, respectively.
The molecular size of cePAH was determined by calibrated size exclusion chromatography, using a 10/30 Superdex 200 column (Amersham Biosciences).
Circular dichroism spectroscopy
Circular dichroism (CD) was performed as previously described (22) , with 5-10 M of either cePAH or hPAH in degassed 20 mM Na HEPES, 200 mM NaCl (pH 7.0), and stoichiometric amounts of ferrous ammonium sulfate at the indicated temperature. CD-recorded thermal denaturation was performed by following the changes in ellipticity at 222 nm, with a scan rate of 1°C/min in the range 4 -75°C.
Activity measurements
PAH activity of cePAH was measured using 1-2 g enzyme for 1 min at 25°C, as previously described (21) . Measurements customarily included a preincubation step with 1 mM L-Phe for 5 min before the reaction was triggered by adding 75 M BH 4 or, when indicated, by other pterin cofactors (DM-PH 4 , MnH 4 , and THF) in the presence of 5 mM dithiothreitol (DTT) . In some experiments to analyze L-Phe-induced activation of PAH, the preincubation with the substrate was omitted, and the reaction was triggered by simultaneous addition of L-Phe and BH 4 . The kinetic parameters for the substrate and different cofactors were estimated with 1 mM L-Phe and variable cofactor concentrations (0 -200 M for BH 4 and 0 -500 M for the other pterins) or at fixed concentrations of BH 4 and variable L-Phe concentrations (0 -1 mM), respectively. To determine the apparent affinity for O 2 , reactions were performed in an Oroboros 2K oxygraph (Oroboros Instruments, Innsbruck, Austria) as previously described (23) . The kinetic parameters were estimated by fitting to the Michaelis-Menten equation (for dependences on cofactor and oxygen concentrations) or the Hill equation (for dependence on L-Phe concentration). All experiments were performed with purified PAH proteins, except the calculations of E a , in which MBP-PAH fusion proteins were utilized.
To measure PAH activity in the worm soluble extracts, free amino acids and other low-molecular-weight compounds were removed using Zebra Desalt Spin columns (Pierce, Rockford, IL, USA). Protein concentration was normalized using the Bradford assay (20) . PAH activity in adult nematodes and at different developmental stages was measured using 20 -50 g of total protein and 30 min reaction time with the same extracts as for immunodetection (see above), with 1 mM L-Phe and 0.1 mM BH 4 (with 5 mM DTT), and with or without 0.2 mM 7(S)-BH 4 , a specific inhibitor of PAH (18) .
TPH activity was measured at 25°C with 1-2 g of cePAH, with 1 mM L-Trp and 75 M BH 4 in 5 mM DTT for 1 min. Synthesized 5-hydroxy-tryptophan was quantified by HPLC and fluorimetric detection (24) .
TH activity was measured at 30°C with 1 g cePAH, 50 M L-Tyr, and 500 M BH 4 in 5 mM DTT for 2 min, as previously described (25) .
Catalase activity was determined at 20°C in 50 mM Naphosphate, pH 7.0, in soluble extracts using 5-30 g of total protein by triggering the reaction with 30 mM H 2 O 2 . Consumption of H 2 O 2 was followed spectrophotometrically at 240 nm (extinction coefficientϭ39.4 mM/cm) (26) . The assay was linear over time within the first 60 s. SOD activity was measured at 25°C in 50 mM Tris with 1 mM EDTA, pH 8.2, using 50 -120 g of total protein and 0.2 mM pyrogallol (Sigma, St. Louis, MO, USA). The assay is based on the inhibition of pyrogallol autooxidation in the presence of SOD (27) . Activity was linear with time and the amount of protein used in the 30 -180 s range.
Cuticle resistance
Synchronized adult animals were collected in ultrapurified water (Milli-Q; Millipore Corporation, Molsheim, France) and freeze-dried overnight. Worms were then resuspended in 400 l of 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, and 1 mM PMSF and lysed by sonication (130 W ultrasonic processor; Sonics and Materials Inc., Newtown, CT, USA) with pulses of 2 output watts, 25% amplitude, and 20 s/pulse. The soluble material was recovered by centrifugation (4 min, 300 g), and the released protein was determined (20) .
Cuticle disintegration was scored by direct observationunder the dissecting stereomicroscope (stereoscopic zoom microscope, SMZ 645; Nikon Corporation, Tokyo, Japan)-of gravid adult nematodes placed in alkaline hypochlorite solution (1% Na-hypochlorite, 0.25 M NaOH) in 24-well plates. The time of the first major break in the cuticle was registered. Plates were agitated manually every 30 s (28).
Osmotic and oxidative stress survival assays
Osmotic survival assays were performed on control (50 mM NaCl) and high-salt (400 mM NaCl) plates seeded with Escherichia. coli OP50 and incubated overnight before synchronized larval stage 4 (L4) worms were emplaced. The plates were maintained at 20°C, and the survival rate was scored at different times during 3 days. Worms were considered to be dead if they did not respond to repeated prodding with a platinum wire.
To assay survival of H 2 O 2 exposure, synchronous L4 animals were washed and resuspended in M9 buffer and distributed into a 24-well plate with an average of 30 worms per experiment and strain. At time 0, H 2 O 2 (1 and 5 mM) was added to the wells in a final volume of 1 ml. Survival was scored after 2.5 h as individual body movement in response to a tap on the plate.
HPLC analysis of cuticle hydrolysates
Synchronized adult animals were collected by centrifugation (5 min, 1600 g) and transferred to 0.5 ml 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, and 1 mM PMSF. Worms were lysed by sonication, and insoluble material was recovered by centrifugation (4 min, 300 g). Complete lysis was checked by optical microscopy to rule out the presence of intact specimens. Protein concentration in the soluble fraction (20) was used to normalize the total amount of starting cuticle material. Cuticles were incubated for 5 min at 95°C in 1 ml 0.125 M Tris-HCl (pH 6.8) in the presence of 1% SDS, incubated for 4 h at room temperature, sedimented by centrifugation (1 min, 400 g), and hydrolyzed with 0.5 ml 6 N HCl for 16 h at 110°C. After acid hydrolysis, samples were neutralized and analyzed by HPLC on a Partisphere SCX, 125 ϫ 4.6 mm (Whatman, Clifton, NJ, USA), using 10 mM sodium acetate (pH 3.4), 1% propanol as mobile phase at 1 ml/min, and fluorescence detection at the indicated wavelengths. Fractions were collected and lyophilized overnight.
Fluorescence and infrared (IR) spectroscopy of melaninlike compound
The solid obtained by lyophilization of the HPLC-purified fractions was dissolved in 200 l Milli-Q water, and pH was adjusted to acid (pH 2.0) or basic (pH 12.0) conditions by adding HCl or NaOH, respectively. Fluorescence measurements were performed on a Cary Eclipse fluorescence spectrophotometer with Peltier controlled holder (Varian, Palo Alto, CA, USA). Fluorescence spectra (averages of 3) were acquired at 25°C with excitation range 250 -300 nm (5-nm slit) and emission at 250 -500 nm (5-nm slit). Spectra with corresponding buffer solutions were acquired and subtracted.
For IR studies, samples were prepared by mixing 1 mg of lyophilized material with KBr and prepared as disks. Spectra were recorded in a Nexus 870 IR spectrophotometer (Thermo Nicolet, Fitchburg, WI, USA) equipped with MCT detector and continuously purged with dried air. For each sample, 256 scans were averaged at a spectral resolution of 2 cm
Ϫ1
.
Life-span analysis
Life-span analysis was carried out following standard protocols (29) . About 80 synchronized L4 larvae (first day of the experiment) were placed on NGM agar plates covered with E. coli OP50. During the progeny production period, nematodes were transferred to fresh plates daily. Dead animals were also noted daily; animals that did not respond to gentle prodding were scored as dead. Nematodes that crawled off the plate or bagged (i.e., hatched progeny internally) were censored and were included in statistical analysis only until the day of the censoring event.
RESULTS
Expression and molecular characterization of cePAH
In a previous report, cePAH cDNA (GenBank AF119388) was cloned into the pMAL vector, allowing its recombinant expression in E. coli as MBP-cePAH fusion protein (6) . However, the enzyme only displayed catalytic activity in bacterial extracts, losing its activity after purification by affinity chromatography. By using mild expression conditions (reducing the expression temperature to 28°C), we have obtained high yields of highly homogeneous and active cePAH (ϳ52 kDa/subunit as seen by SDS-PAGE). On the basis of analytical size exclusion chromatography at pH 7.0 and protein concentration 0.2-10 mg/ml, the hydrodynamic radius of isolated cePAH was 57.5 Å, comparable to 56.7 Å for hPAH, corresponding to tetramers of apparent molecular mass of 220 and 210 kDa, respectively. The CD spectra of cePAH and hPAH were similar (Fig. 1A) , providing comparable estimates of secondary structure content, i.e., ϳ32.0% ␣-helix (30). CD-monitored thermal denaturation of cePAH revealed one unfolding transition with melting temperature (T m ) ϳ51°C (Fig. 1B) . With hPAH, two overlapping transitions were observed (Fig. 1B) , corresponding to the sequential unfolding of the regulatory (T m ϳ45°C) and catalytic (T m ϳ54°C) domains (22) . The latter transition in hPAH was diminished in amplitude due to aggregation of the protein (Fig. 1B, inset ) (22) . Differential scanning calorimetry analysis (not shown) corroborated the CD-monitored results and indicated a more cooperative unfolding for cePAH than for hPAH and a similar stability of the regulatory and catalytic domains in the nematode enzyme.
Catalytic and regulatory properties of cePAH
We compared the catalytic properties of cePAH and its human ortholog ( Table 1) . CePAH displayed high specific activity and apparent affinities for L-Phe, BH 4 , and molecular oxygen similar to hPAH ( Fig. 2A-C ; Table 1 ). Interestingly, cePAH does not require incubation with L-Phe to show maximal activity and also lacks a cooperative response to the substrate concentration [Hill coefficient hϳ1], whereas hPAH displays an activating conformational change (30, 31) and cooperative dependence for L-Phe (hϳ2) ( Fig. 2A ; Table  1 ). Moreover, the temperature dependence of activity for cePAH is independent of L-Phe preincubation (activation energy E a ϳ13-16 kcal/mol; Fig. 2D ), a value that is similar for hPAH preincubated with L-Phe ("activated") or without preincubation but measured at temperatures Ն25°C, at which hPAH displays positive cooperativity for the substrate (Fig. 2D ). But at lower temperatures, the non-L-Phe-activated hPAH shows a 2-fold higher E a . Two temperature dependences of k cat have also been associated with positive cooperativity in rat PAH (32) . Our results indicate that cePAH behaves as L-Phe-activated hPAH even in the absence of L-Phe preincubation. Intrinsic tryptophan fluoresence experiments also support this notion, because cePAH displays an emission maximum at 347 nm (excitation at 295 nm), which is not affected by L-Phe (data not shown), whereas hPAH displays an emission shift from 338 nm to 347 nm on L-Phe activation (31, 33) . Overall, these differences in regulatory behavior between both PAH enzymes may point to different regulatory requirements of L-Phe homeostasis associated with specific PAH function in C. elegans vs. mammals. We also studied the substrate and cofactor specificity of cePAH. The enzyme displays the highest specific activity with L-Phe as substrate, hydroxylating L-Trp to some extent (ϳ1% of the activity with L-Phe, measured as 5-OH-L-Trp formation) but not L-Tyr (measured as L-DOPA formation). This substrate selectivity is similar to that of hPAH (5) . We then tested the activity of cePAH with four potential cofactors: BH 4 (the natural cofactor in mammals), DM-PH 4 (a commonly used synthetic cofactor), MnH 4 , and THF; the latter two compounds support pterin-dependent reactions in some bacteria (34, 35) . The relative V max and K m of cePAH and hPAH for the tested pterin cofators ( Table  2 ) are indicative of similar selectivity for cofactor substitutions and, accordingly, of quite similar binding-site structures in both enzymes. These results further suggest that BH 4 , which elicits the highest activity and lowest K m value, is the natural cofactor for L-Phe hydroxylation in C. elegans, as is the case for other eukaryote enzymes (36) . Supporting this assumption is the finding that the worm homogenates contain 83.4 pmol biopterin/mg protein, where 81% is in the tetrahydro form (Ernst Werner, personal communication), a value 2-to 3-fold higher than in rat liver extracts and hepatocytes (37) .
PAH expression and activity in C. elegans
To assess the function of PAH in the worm, we examined two deletion mutation alleles in the gene pah-1, i.e., pah-1 (tm520) and pah-1 (ok687), kindly provided by others (see Materials and Methods). Each allele deletes a portion of the gene essential for function, so it should confer a complete function knockout. Previous studies using a lacZ reporter and immunostaining have shown that in C. elegans, PAH is mainly expressed in hypodermal cells (6) . The expression pattern was similar in hermaphrodites and males, with no obvious differences between larval and adult stages. We determined PAH activity and immunoreactive protein in extracts of the wild-type N2 and pah-1 knockout using the PH8 mono- clonal antibody. A strong immunoreactive band at ϳ52 kDa was observed in N2 extracts (Fig. 3A) . We found similar PAH immunoreactivity and activity levels throughout different developmental stages, i.e., L1-L4 larva and adults (Fig. 3B) . PAH immunoreactivity is totally absent in pah-1 mutant extracts, both in 6ϫ outcrossed pah-1 (tm520) (Fig. 3A) and in the original and outcrossed pah-1 (ok687) strains (data not shown). Although cePAH-specific L-Phe hydroxylation could thus not occur in the pah-1 knockouts, the residual enzymatic activity in these extracts was found to be rather high (70% of that in wild-type N2) in our standard assay (1 mM L-Phe and 75 M BH 4 ) (Fig. 3A) . This activity did not come from contaminating E. coli OP50 (worm food), a bacterium that does not have PAH. We hypothesized that residual PAH activity in pah-1 knockouts might be due to phenylalanine hydroxylating activity from TH and TPH enzymes in C. elegans. Both enzymes display the capacity to effectively hydroxylate L-Phe in mammals, at least in vitro, at saturating concentrations of substrate and cofactor (5) . We then measured PAH activity in the presence of a selective pterin inhibitor of PAH with respect to TH or TPH, i.e., 7(S)-BH 4 (18) . We measured strong inhibition of cePAH by 7(S)-BH 4 , competitive to BH 4 with K i ϭ 18 M, vs. 2.3-4.9 M for hPAH (18) . The inhibitor reduced PAH activity by ϳ55% in wild-type N2, whereas activity in pah-1 was only reduced by ϳ20% (Fig. 3A) . The activity of human TH is also inhibited 20 -25% noncompetitively by even lower concentrations of 7(S)-BH 4 than those used here with the C. elegans extracts. Thus, it seems that TH and TPH might also be able to perform L-Phe-hydroxylation in C. elegans extracts, at least under our in vitro assay conditions.
Characterization of the pah-1 mutant
We found that pah-1 knockouts were quite similar to N2 worms in most characteristics we examined. Rates of growth, size, and shape were normal, while fertility was slightly reduced (N2, 319Ϯ29 progeny; pah-1(tm520), 258Ϯ48 progeny; meanϮsd; 1-tail t test; Pϭ0.014). To assess nervous system function, we compared parameters of movement in N2 and pah-1 synchronized L4 worms using an automated behavioral analysis system (38); we saw no significant differences in worm velocity, or various measures of sinusoidal body waveform (data not shown). We also observed that pah-1 males used in genetic crosses mated with high efficiency, indicating normal male mating behavior-perhaps the most complex behavior performed by C. elegans. Therefore, any potential abnormalities in nervous or muscle function in pah-1 mutants would have to be subtle. The expression of neurotransmitters serotonin (by immunoreactivity) and dopamine (by formaldehyde-induced fluorescence) in their respective neurons was also qualitatively normal in pah-1 mutants (data not shown). Moreover, pah-1 mutants are not dauer-defective (unable to enter dauer), or dauer-constitutive (always enter dauer, independent of conditions), and apparently recover from dauer normally.
The expression of PAH in hypodermal cells of C. elegans suggests a role for this enzyme in cuticle synthesis or maintenance, or in some other function of the cuticle or hypodermis. It could be expected that the pah-1 mutant would have a cuticle phenotype similar to that of cat-4 mutants. The cat-4 gene encodes GTP cyclohydrolase, which catalyzes the first step in biopterin synthesis (39) . Worms mutated in the cat-4 gene are serotonin and dopamine deficient (consistent with dysfunction in TPH and TH, respectively) and exhibit a broad hypersensitivity to external agents consistent with a "leaky" cuticle. We were surprised to learn that pah-1 mutants do not have the hypersensitivity phenotype of cat-4 mutants. Intriguingly, this result suggests another role for BH 4 in hypodermal function beyond its use by PAH; neither TPH (tph-1) nor TH (cat-2) mutants in C. elegans have the cat-4 hypersensitive phenotype.
Because we still hypothesized a role for PAH in supplying L-Tyr for forming L-Tyr cross-links between cuticle proteins for mechanical stability, we examined the cuticles of pah-1 mutants further. We found no apparent differences between N2 and pah-1 mutant in the success or timing of molting, or in the cuticle surface by differential interference contrast (DIC) light microscopy. Both L1 and adult alae (lateral longitudinal ridges) were normal in pah-1 mutants, as were adult annuli (circumferential ridges), as seen by scanning and transmission electron microscopy (see Supplemental Fig. S2 ). The integrity and resistance of the cuticle of pah-1 mutants were tested by analyzing susceptibility to sonication (Fig. 4A) . In fact, pah-1 was slightly more resistant than N2 to sonication (although the effect was only marginally statistically significant) (Fig. 4A) . To confirm that the sonication conditions used could reveal cuticle instability, we analyzed the sonication resistance of the blister-3 (bli-3) mutant, which lacks dual oxidase (Duox-1) that catalyzes the tyrosine cross-linking involved in the stabilization of the cuticle (40) . This strain is clearly more sensitive, with ϳ60 and ϳ100% of maximal content of soluble protein being released with 1 and 4 sonication pulses, respectively.
Additional tests of resistance included analyzing the disintegration time of the cuticle with alkaline hypochlorite solution. The mutant pah-1 showed lower sensitivity than wild type to this treatment (Fig. 4B) . We also tested response to hypertonic stress, which appears to vary among mutants with different cuticle defects; some collagen mutants present a wild-type sensitivity to 500 mM NaCl, others are more resistant to high salt concentrations (41) . Pah-1 worms demonstrated slightly increased (not statistically significant) osmotic resistance (Fig. 4C) . Interestingly, the mutant presented a very high resistance toward H 2 O 2 (Fig. 4D) .
The bli-3; pah-1 double mutant has severe cuticle defects
We wondered whether a subtle cuticle phenotype in pah-1 mutants might be revealed in a sensitized genetic background and made double mutants of pah-1 (both alleles tm520 and ok687) with bli-3(e767). Worms with the bli-3 mutation have variable growth problems and cuticle abnormalities, ranging from growth arrest, mild to severe blistering of the cuticle, and incomplete molting to relatively mild dumpy body shape (Fig. 5B) . We found that all bli-3-associated phenotypes were greatly enhanced in bli-3;pah-1 double mutants. Whereas only 2% of bli-3 adult worms were severely growth retarded or abnormal, 80 -90% of bli-3; pah-1 worms were severely abnormal-either arrested in early larval stages or having grossly abnormal cuticles, including many or large blisters or incompletely shed cuticles (Fig. 5D) . The same effect was seen in double mutants with either pah-1 mutant allele.
We also tested whether mutant phenotypes could be affected by providing extra Phe or Tyr to the worms. To do this, we prepared culture plates with additional Phe or Tyr dissolved in the solid media and grew synchronized cultures of L1 worms for 3 days until they reached adulthood. One might expect additional Phe to exacerbate pah-1-related phenotypes and Tyr to rescue or reduce pah-1 phenotypes. In fact, we saw no effect when growing worms on plates with up to 10 mM Phe: there was no change in the percentage of affected worms among pah-1 mutants, bli-3 mutants, or pah-1; bli-3 double mutants vs. worms grown on standard media. We observed the same result with plates supplemented with 0.5 mM Tyr (near saturation): there was no difference in the phenotypes of worms with or without extra Tyr.
The cuticle of C. elegans contains melanin
To further understand the differences between N2 and pah-1 worms toward ionic (salt) and oxidative stress, we isolated cuticles from various worm strains and submitted them to acid hydrolysis. The resulting mixtures should contain all amino acids and other small compounds included in the supramolecular architecture forming the cuticle (40) . In these experiments, we included cat-4 [GTP cyclohydrolase knockout; cat-4(ok342)] and bli-3 mutants, although for the latter, no consistent cuticle fraction was obtained under the conditions employed. HPLC analyses of the hydrolysates using fluorimetric detection showed significant differences in the composition of cuticles from N2, pah-1, and cat-4 (Fig. 6) . At both 310-and 345-nm emission wavelengths (excitation 274 nm), a peak eluting just after the front (retention time t r ϳ1.3 min; Fig. 6, peak 1) is observed in hydrolysates from N2 but is substantially reduced in pah-1(tm520) and cat-4 samples (Fig. 5) and pah-1(ok687) (data not shown). L-Tyr (Fig. 6, peak 2) was not reduced in the mutants.
We collected, pooled, and lyophilized peak 1 from several HPLC runs; the result was a yellowish powder, which we dissolved in deionized water. The compound presented a very broad absorption peak, with absorbance up to 400 nm, but no defined maxima in the 250-to 400-nm range (Fig. 7A) , compatible with its yelloworange color (Fig. 7B) . Featureless broad UV-visible absorption is atypical for organic compounds, which usually display peaks corresponding to specific electronic transitions, but it is characteristic of natural and synthetic melanins, notably of pheomelanin (42) (43) (44) . Absorption above 400 nm was negligible, suggesting that the compound is not an eumelanin, which shows a broader monotonic absorbance up to 600 nm (16, 44) . The absorbance spectrum is also inconsistent with that of dityrosine, which displays a clear maximum at 283 nm (acidic pH) or 315 nm (basic pH) (45) .
Fluorescence emission spectra acquired in the 250-to 300-nm excitation range at both acidic (pHϳ2) and basic (pHϳ12) conditions further support the melaninlike nature of this compound (Fig. 7C) . At pH 12, two emission maxima were observed (a more intense peak at ϳ420 nm and a secondary peak at ϳ360 -370 nm). At pH 2, two main peaks were also observed, at ϳ410 and ϳ350 nm, and the fluorescence intensity was higher than at basic pH, but also remarkably dependent on the excitation wavelength, disappearing at ϳ300 nm. These fluorescent properties fit quite well with those of natural and synthetic pheomelanin (43, 44) and less with those of eumelanin, which does not present the emission band at lower wavelengths (43) , or dityrosine, with pH-independent emission maxima and fluorescence intensity (45) .
Additional Fourier transform-infrared (FT-IR) characterization of the isolated compound showed features of the IR-spectra (Fig. 7D) (42, 46, 47) .
ROS scavenging activity and worm survival
As seen by its enhanced resistance to hydrogen peroxide (Fig. 4D) , the pah-1 mutant appears to be more resistant to oxidative stress. Thinking about a possible overcompensation mechanism to the lack of melanin, we measured the activity of two important enzymes involved in ROS scavenging, i.e., catalase and SOD. SOD has been reported to increase in certain C. elegans strains showing resistance to oxidative damage (48, 49) . No difference in catalase activity was seen between pah-1 and N2 worms (Fig. 8A) but total SOD activity increased 32% in the pah-1 mutant (Fig. 8B) , helping to . Spectroscopic characterization of a melanin-like compound from C. elegans cuticle. The compound from N2 cuticle hydrolysates that generated peak 1 in Fig. 6 was lyophilized and dissolved in water to characterize its spectroscopic properties. A) UV-visible absorbance spectrum at pH 2.0. B) Yellow-orange color of the compound. C)Three-dimensional fluorescence spectra at variable excitation and emission wavelengths taken at acidic (left) and basic (right) conditions. D) IR spectrum at pH 2.0.
explain the high resistance of the knockout to H 2 O 2 ( Fig. 4D) .
Increased resistance to oxidative stress may be among the causes of increased longevity in C. elegans (49 -51) . As seen in Fig. 8C , the pah-1 mutant showed a small but significant increase in life span, i.e., the 25% survival time increased from 22 days (range 21-23 days) in N2 to 25 days (range 24 -27 days) in the pah-1(tm520) mutant. We carefully confirmed that this effect was a real increase from L4 stage to death and was not due to slowed growth, since synchronized cultures of N2 and pah-1 reach all developmental stages (L1-L4) nearly simultaneously. There is a relation between decreased fertility and increased life span in many animals (52) , and, as mentioned above, fertility was slightly reduced in the pah-1 knockout worm. Reduced fertility in C. elegans is, however, not always linked to increased life span (53) .
Both cePAH and tyrosinase (coded by pah-1 and tyr1-4, respectively) are expressed in the hypodermis (ref. 6; Mark Blaxter, personal communication). The enzymatic system required for synthesis of melanin is thus expressed in the same cells from which the pigment very probably is secreted to the cuticle. Duox-1 (coded by bli-3) is also expressed in the hypodermis (40) . To catalyze the cross-linking of collagen and other proteins via di-and trityrosine linkages, Duox-1 generates reactive oxygen (40, 54) . We then hypothesized that the function of melanin could be associated with a shielding and protection of hypodermal cells toward ROS generated in the dual oxidase reaction. We conjectured that the SOD activity would not increase in the double mutant bli-3; pah-1 if melanin synthesis in the hypodermis were coupled to the function of bli-3. The results, however, did not support this hypothesis since the double mutant shows even higher SOD activity than the single pah-1 mutant (Fig. 8A) . The bli-3 mutant presented no change in SOD activity with respect to N2 and a remarkable reduction of catalase (Fig. 8A) .
DISCUSSION
Mammalian PAH is a tetrameric enzyme with a threedomain organization (1), i.e., an N-terminal regulatory domain (residues 1-110), which includes the phosphorylation site (Ser-16) ( Supplemental Fig. S1 ); the catalytic domain (residues 111-410), which contains the iron center and the binding sites for L-Phe and BH 4 ; and the oligomerization domain (residues 411-452), with a coiled-coil C-terminal motif essential for tetramerization. CePAH appears to have the same three-domain structure and similar conformational properties as hPAH. The highest sequence similarity with mammalian PAH is found at the catalytic domain, and, as for other invertebrate PAHs, the phosphorylation site is absent in cePAH (Supplemental Fig. S1 ), which as shown here is also devoid of positive cooperativity for L-Phe. Complex regulatory properties might have developed along with the increased importance of the catabolic function of the enzyme, probably evolving in association with mammalian-specific amino acid metabolism, such as ketogenesis or gluconeogenesis, and with increased complexity of the nervous system. Positive cooperativity for L-Phe and the synergetic action of phosphorylation, which sensitizes the enzyme to respond to the substrate (1, 2), appear as optimal regulatory mechanisms for L-Phe control: quick L-Phe degradation on increasing concentrations-to avoid deleterious effects in the CNS-but safeguarding minimal L-Phe levels required for protein synthesis. As to the question of whether an anabolic function of PAH may still be operative in mammals, note that some researchers highlight the importance of PAH in skin for initiation of melanogenesis (55) .
PKU is a paradigm for inborn errors of amino acid metabolism, inherited disorders, and misfolding diseases, and hPAH-and PKU-associated mutants have been the subject of intensive genetic, biochemical, and structural investigations (1, 4, 56) . The pah-1 mutant -type N2, pah-1, bli-3, and bli-3; pah-1 worms. A, B ) Catalase (A) and SOD (B) activity measured in soluble extracts of young adults from N2 (black bars), pah-1(tm520) (medium gray bars), bli-3(e767) (dark gray bars), and bli-3(e767); pah-1(tm520) (light gray bars). Data are means Ϯ sd of 9 or 10 (N2, pah-1) or 5 measurements (bli-3, bli-3; pah-1) using 3 preparations from each strain. Catalase and SOD activities in N2 extracts ϭ 60.8 Ϯ 5.7 and 4.8 Ϯ 0.7 U/mg, respectively. *P Ͻ 0.05, **P Ͻ 0.001, ***P Ͻ 0.0001 vs. N2; ANOVA. C) Measurements of life span from L4 stage to dead, for N2 (solid trace) and pah-1(tm520) (dotted trace).
nematode did not present any neurological symptoms reminiscent of PKU. It is believed that the main pathogenic mechanism in PKU is the toxic accumulation of L-Phe and its metabolites first in blood and then in brain, resulting in mental retardation (4) . The large neutral amino acids share and compete for the same transporter through the BBB, a transporter with very low K m (high affinity) for L-Phe uptake (K m ϳ10 M in rats; 5-to 6-fold lower than the K m for L-Tyr) (57). The K m for L-Phe is thus much lower than the blood concentrations of L-Phe in untreated subjects with PKU (0.6 -1.2 mM in mild PKU and Ͼ1.2 mM in classical PKU), implying that the transporter will be saturated with L-Phe (57). The consequent decreased brain transport of L-Tyr and L-Trp, which are precursors of the catecholamine neurotransmitters and serotonin, respectively, is a determinant for the pathophysiology of the disease with alterations in neurotransmission. In fact L-Tyr becomes an essential amino acid in patients with PKU (58). However, amino acid transporters in C. elegans do not saturate by L-Phe as easily as in mammals; i.e., the transporter AAT-9, which localizes in neurons and muscle cells, presents a value of K m Ն 0.7 mM for L-Phe (59) . This might explain the absence of neurological defects in the pah-1 mutant.
It has also been proposed that oxidative stress may be involved in the neuropathology of PKU, because elevated concentrations of L-Phe have an inhibiting effect on components of the mammalian antioxidant system (60) . It was therefore interesting that the pah-1 mutant presented elevated SOD activity, an effect that may be caused by a compensatory mechanism to the toxic effect of L-Phe. The phenotype, however, was insensitive to increasing levels of L-Phe in the media, and it was thus reasonable to infer that the overcompensation with SOD might be due to the loss of melanin itself, which is a well-established ROS scavenger. In insects and other invertebrates, melanization of pathogens and damaged tissues is a major response by the innate defense system associated with activation of prophenoloxidase (pro-PO) (13, 61) , and in G. cydonium, PAH appears to be the first enzyme in the pro-PO activating system (14) . In mammals, production of melanin in skin has customarily been considered to proceed from L-Tyr taken up by the melanocyte (62) . The reduction of melanin observed in patients with PKU is considered to result from a decreased L-Tyr uptake caused by L-Phe excess and not from decreased L-Tyr synthesis (4). However, and as already mentioned, it has also been proposed that conversion of L-Phe hydroxylation within keratinocytes and melanocytes could be important to melanogenesis (55) . Our results further support a direct link between defective PAH and decreased pigmentation in PKU. In addition to contributing to fundamental knowledge on the function and regulation of PAH in a central model organism such as C. elegans, our results thus contribute to the understanding of pathological mechanisms in PKU.
C. elegans is characterized as a transparent organism, although the worm does accumulate fluorescent agerelated pigments (lipofuscin and advanced glycation end-products) (63) . In vivo fluorescence studies identified two major overlapping fluorescence bands, which were associated with tryptophan (excitation at 290 and emission at 330 nm) and age pigments (ϳ340 nm excitation and 430 nm emission) (63) . Melanin was not identified in these studies, as the majority of the melanin band would be covered by that of tryptophan and partly quenched by the age pigments. Fluorescence spectra performed on SDS-cleaned cuticles also present numerous overlapping bands, mostly from unidentified compounds (64) . In particular, bands with emission maxima ϳ 310 -320 and 410 nm, associated by the researchers with tyrosine and pyridinoline, respectively, equally fit with the fluorescence properties of pheomelanin (43, 44) (Fig. 7C) . Despite possessing PAH activity, most probably associated with TH and TPH activities, the pah-1 mutant is deficient in melanin compound. This indicates that non-PAH-associated-L-Phe hydroxylating activity would not take over for the synthesis of this pigment, probably because PAH activity is required in the hypodermis (in concert with tyrosinases). TH and TPH are not expressed in the hypodermis (65, 66) . Our results on the strong phenotype of the bli-3; pah-1 double mutant implicate cePAH function in the structure and the functionality of the cuticle either through the presence of melanin itself or through other L-Tyr derivatives still unidentified. But our results more clearly recognize the radical scavenging function of the compound in the worm cuticle. Further, the increased SOD activity in the double mutant bli-3; pah-1 relative to the wild type supports a general scavenging function, not one only targeted to protect against ROS production on catalysis by hypodermal Duox-1. Because the nematode cuticle serves as the major respiratory surface and is exposed to the highest oxygen partial pressure in the organism, it is reasonable to assume that it is susceptible to oxidative damage. ROS production is also a general mechanism of response to bacterial infection in C. elegans, as it has been shown that ROS are produced in the gut at the same time that antioxidant enzymes are stimulated to protect the intestinal cells from the radicals (67) . However, there is to our knowledge no indication from large-scale genomics studies that C. elegans uses melanin or a pro-PO-like system as a component of the immune system to respond to infections (68, 69) . A possible additional function for the melanin compound in infections thus appears so far speculative.
